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FOREWORD

Tnig technology document describes the measurement of the mass
propertics of the X-24n lifting body and presents a detailed summary of
mass changes between and during test fligits. The measurements were
started on 28 November 1968, and analyses continued through the flight .
program which ended on 4 June 1971. Measurements were cbtained at
Ldvards AFPB at the AFPFIC Weight and Balance Facility and at the NASA-FRC
licat Facility. References 1 through 8 are related documents which will
be tublished,

the author wishes to acknowledge the contributions of Captain
Joanny M. Ramvy, who performed all the initial analysis and Scrgeant
John C. Burch, who proepared and analyzed flight data. Acknowledgement
is a'so extended to Mr. Chester H., Wolowicz of NASA-IRC whno pionccecred
the lnertia mecasarement techmigue and to other NASA-FRC personnel who
assisted 1. .ne cffort.
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by AFPPC Project Directive 69-38, and was performed under program struc-
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ABSTRACT

Accurate values of weight, center of gravity, and momeats of inertia
werce measured prior to the first flight of the X-24a lifting body. The
welght, longitudinal, and lateral ceniers of gravity were mecasuarcd at
the AFFTC Weight and Balance Facility. The vertical center of oravity
was measured by suspending the aircraft from a cable and determining the
tilt angle as waights werce added at the nose. Moments of inertia about
each axis were mcasured by restraining the vechicle with springs and
allowing it to vibrate about knife edges in the X- and Y-axes and a
suspension cable in the Z-axis, These values were used as a bascline
for mass data determination throughout the flight test program. A
digital computer program was used to update the mass data for aircraft
configuration changes and to produce time histories of mass data icr
powered flights, including the effects of rocket propellant flow and
the changes in position of propellant in the tanks which result from
accelerations on the aircraft.




table of contents

LIST OF ILLUSTRATIONS . i e o Vi
LIST OF TABLES ___ _
LIST OF ABBREVIATIONS AND SYMBOLS _ . . S viii
INTRODUCHION . . ... B — —

General . __ _ ________ I .

vil

Approach __ .. e

MEASUREMENT OF THE VERTICAL CENTER QF GRAVITY _ _______ S

Test Procedure -

NN et b o

Computction Procedyre . . .. 4
Vertical cg for the Inertia Measurement
}“IEAE‘UREI‘I‘IENT OF !L cr\.d !XZ —_

Test Procedure

N
e e 1
__ 215
Possible ertor in |xzond . - ] 17

MEASUREMENTS OF [ ond I, __ S — 18

Test Procedure _ . . . _ __ — — 18

Computation Procedure

Computation Procedure __ . — _____. 2

Wable _ o S ; 21

'Ync (piteh) . _____ . . _ -

Iy (oll) e 2

t-c
Pitch R _ 23
Rell —

iv

e e

e st © ko - e

pra——

—_ - _a




4 & ~—~~ - ——

MOMENT OF INERTIA SUMMARY o -

DETERMINATION OF INFLIGHT WEIGHT AND BALANCE

Test Procedure

Computer Progrom _.

Addition and Subtraction Subroutines __ _.

Prime Subroutines

Propellant Angle Subroutines

Page

25
26

.26

26
26

5

27

Jettison Subroutine

28

Hydrogen Peroxide Subroutine

Landing Gear Effects

APPENDIX | — WEIGHT AND cg MEASUREMENTS

APPENDIX 1l -~ SPRING CALIBRATIONS

APPENDIX Il — ITEMIZED LISTING OF COMPCNENTS
ADDED AND SUBTRACTED ___

APPENDIX IV - DERIVATION OF EQUATION 2 ___

APPENDIX V — X-24A MASS PROPERTIES COMPUTER
PROGRAM LISTOUT B —

APPENDIX Vi — TINE HISTORIES OF FLIGHT MASS PROPERTIES

APPENDIX Vil - COMPARISON OF PREDICTED AND
ACTUAL X-24A WEIGHTS ____

APPENDIX VIil - TRAPEZOIDAL APPROXIMATION OF PROPELLANT cg AS A
FUNCTION OF PROPELLANT ANGLE

REFERENCES _

28
26
K]

34

42
46

48
61

98

— 9%
100




Py - e T T T e ey

-

r list of illustrations :
| Figure No. Title Page No.
[ 1 Vertical cg Mecasurement Apparatus - _ 3
» 2 Oocfinition of Terms in Equation 1 __ - 5
‘ 3 Vertical Center of Gravity versus Alrcraft Attitude ___ _ 8
¢ 4 Schematic of Apparatus for Measurement of I, = 13
L 5 Apparatus for Mecasurement of I, 14
6 Detail of Spring Attachments for lz Mecasurement 14
a
7 Brror in Mecasurement of Iy, ——ene 16
8 Platform Setup for Measurement of Iy and I, 18
9 Sctup {or Measurement of Iy —_— 19
10 Detail of Knife Ldge —_— 20
[ 11 Springs Used for 1y Mcasurement __. 20
12 X-244 Variation in cy Position with Weight and
‘ and Propellant Angle 23
y
Appendix I .
1-3 X-24A Weight and Balance Records _ 31-33
Appendix II
1-8 Spring Calibrations 34-41
Appendix IV
1 Schematic of Aircraft Moments About the Knife
b : Edge R - 46
Appendix VI
1-18 Gross Weilaght, Center of Gravity, and Inertias 62-96
ra




list of tables

Table No.
1
11
I11
Y

VI
Vil
VIIl

IX

XI
XI1I
X111

IIX
v

VI

Title

Page No.

Weight Suspension at Nose, Gear Up

Weight Suspension at Nose, Gear Down

6

Vertical ¢g Computation, Gear Down

Vertical cg Cowmputation, Gear Up ____ ]

Vertical cg - Gear Up (Flight 2 Configuration)
Vertical cg - Gear Down (Flight 2 Configuration)

Vertical cg - Gear Up (Incrtia Test Configuration) _

Vertical cg - Cear Down (Inertia Test Configura-
tion)

11

Vertical Center of Gravity Summary (With Respect
to Water-Line %Zcro)

p—

(O}

Computation Constants

X -24A Monent of Inertia Summary __
X-24A lnertia Comparison with Predictions __

X-24A Mass Propertics Data (Flights X-i-2
through X-9-14 and Flight X-22-27)_ __

NN
o

(@3]

Appendix I11

Moment of Inertia Calculations

Inertial Subtractions from X-Z4A Prior to First
Flight

42

43

Weight Removed Prioxr to First Flight ___

44

Weight Added Prior to First Flight

44

Changes Between Flight 1 and Second Vertical
cg Test (Flight X-2) —

Expendables Added Prior to Flight

Appendix VIII

cg Location of Propellants

99

vii

—_— . D




TTTw T T T

4

item

a

cg

cg/ (sp = Q)

a6cqg

Itable

It+c

Tx

Ix,y (KB)
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INTRODUCTION

GENERAL

An accurate knowledge of the center of gravity (cg) and moments
of inertia is necessary for all dynamic analyses of aircraft, determina-
tion of stability derivatives from flight test data, and mechanization
of accurate flight simulators. Contractor computations have been the
prime source of such data for most test programs due to the lack of time,
manpower, and equipment for making measurements, and the large size of
modern aircraft. The validity of these computations depends on the
accuracy of the individual component estimates and on the amount of time
and effort spent in keeping track of changes made during the design and
fabrication of the vehicle.

The regquirements of the X-24A flight test program dictated that the
cg and moments of inertia be determined experimentally. The first por-
tion of this report describes the inertia measurement performed prior
to the first fligh& of the aircraft. This measurement first used a
vertical cg obtained at NASA-FRC using the suspension method. When
discrepancies were discovered between the vertical cg from the suspension
method and the vertical cg determined at the weight and balance facility,
the suspension test was repeated using improved procedures. This report
includes corrections resulting from the later vertical cg measurement
performed prior to the second flight. Test theory, procedures, equip-
ment, data reduc*lon techniques, and results are discussed in this report.

These measured mass data (weight, ¢m, and moments of inertia) were
used as a baseline for all later weight and balance determinations dur-
ing the flight test program. The weight, cg, and moments of inertia were
recomputed for each weight change of the aircraft. Weight and horizontal
cg locations were correlated each time the aircraft was weighed. The
second portion of this report presents the mass data for each flight, in-
cluding time histories for powered flights which incorporated the effects
of propellant utilization and propellant angle on the aircraft cg.

APPROACH

The ultimate objective of this effort was an accurate determination
of the body axis cg, moments of inertia, and weight. The body axis sys-
tem used was a standard right-hand orthogonal system with its origin at
the cg. Since the moments of inertia in roll and pitch were measured
about an axis of rotation that was parallel, but displaced from the body
axis, the longitudinal, vertical, and lateral cg's were required in order
to transfer the measured inertias from the axis of rotation to the body
axes. The inclination of the principal axis was also required in order
to compute the cross product of inertia, Iyxz. Two technigues were used
to determine the vertical cg. The first involved tilting the vehicle
on a weighing platform at the AFFTC Weight and Balance Facility and re-
cording variations in nose gear and main gear reactions with tilt angle.
The second suspended the vehicle at the NASA-FRC Heat Facility from a
single cable and recorded variations in tilt angle as known weights were
applied at the nose and tail. The latter technique was felt to be the
more accurate and is described in detail in this report. Measurements of
the moment of inertia about the Z-axis (Iz) and the inclination of the
principal aircraft axis (e) were accomplished by suspending the vehicle



from a single cable, restraining vehicle yaw with calibrated springs and
recording the oscillatory characteristics. The measurement of the moments
of inertia about the X and Y axes (Iy and Iy) was accomplished by balancing
the vehicle on two knife edges, restraining it in either the pitch or roll
axis with calibrated springs, and recording the ocscillatory characteristics.
Each test and the subsequent calculations of moments of inertia are dis-
cussed separately.

The ground test values of mass data were used as a baseline for the
subseguent flight test program. A digital computer program was written
to account for vehicle weight changes which occurred between flidghts as
well as changes in expendable guantities, such as rocket engine propel-
lants, which varied during flight. Wherever possible, ground test results
or inflight measurements were used to calculate the rate of use of the
expendables.

MEASUREMENT OF THE VERTICAL
CENTER OF GRAVITY

TEST PROCEDURE -

. ~ . C

Prior to the measurement of the X-24A moments of inertia in November
1968, the weight and longitudinal, lateral, and vertical cg's were
measured at the AFFTC Weight and Balance Facility.

In order to get mass data which would™e representative of the
first glide flight, ballast was added to the rear of the aircraft to
obtain the desired cg (58.5 percent MAC). The ballast locations for
these tests was not yet permanent. This necessitated removing the
weights mathematically from the experimentally determined measurements
and then adding them back after the final ballast installation was de-
fined. A dummy pilot and parachute was also on board during the measure-
ment. The vehicle was weighed at attitudes ranging from approximately
-16 degrees (nosedown) to +12 degrees (noseup). Knowing the reactions
at the nose gear and main gear along with the geometry of the weighing
scale, the gear-down vertical cg was determined. The results obtained
are shown in appendix I.

The vehicle weight and horizontal cg obtained from this weighing
were used for subsequent calculations, however, the measurement of the
vertical cg was not considered reliable because of the small range of
vehicle attitude angles obtained and potential exrrors in measured
dimensions due to landing gear bending. A separate vertical cg measure-
ment was made at NASA-FRC by suspending the vehicle to obtain a more re-
liable value of both the gear-up and gear~down vertical cg's. As a
comparison, the gear-down vertical cg obtained at the Weight and Balance
Facility was 23.86 inches above waterline (WL) zero, and the value from
the vertical suspension measurement was 24.36 inches. More confidence
was placed in the latter value, and it was used as a baseline for all
calculations in this report. The more accurate vertical suspension
measure was performed several months after the inertia swing, just prior
to the second flight, when errors in the first vertical suspension were
discovered. At that time, the aircraft had different mass properties.



The second measurement is described, and the result is corrected mathe-
matically to obtain a vertical cg for the airplane at the time of the
inertia swing. This corrected vertical cg was used for all subscquent
moment of inertia calculations.

The X-24A was suspended with a single cable from the overhead crane
in the NASA-FRC Heat Facility. The cable, proof-tested to 20,000 pounds,
was attached to the X-24A hoisting bar, and the bar was attached to the

vehicle at the same points used for mating with the B-52 pylon adapter
(figure 1).

Pivot Point

\—/L |
- Z,, =57.54 in.

\\ G < I

™~
1 U\ B{l
|<-— 149.75 in. ———->l Tape Weight Box

Measures

|.<——— X,, - 156.81 in. ——->—|

Figure 1 Vertical cg Measurement Apparatus

Special care was exercised to insure that the vehicle could only
rotate in pitch about a single pivot point (the center of the bolt of
the hoist eye) by wrapping the hoist eye with wire. The location of the
pivot point was accurately measured. Bags of lead shot were added to
the nose to level the vehicle. A transit was used to sight the vehicle
attitude by reading two metal tape measures attached at reference points
on the fuselage. Known weights were added to a weight box mounted on
the aircraft noseboom, and vertical center of gravity was calculated
from the displacement of the vehicle's position. The measurement was
made both gear-up and gear-down. After adding each weight, the vehicle
was allowed to stabilize and the tape measures at each level point were
read using the transit. The vehicle attitude for each weight was deter-
mined from the readings of the front and rear tapes and knowledge of the
distance between the tapes. Using Equation 1, the vertical cg relative
to the suspension point was determined using the vehicle attitude and
the vertical and horizontal arms of each known weight.



Theoretically, only one attitude was required to determine the
vertical cg. For accuracy, however, several weights were added to the
box mounted on the noseboom, and tape measure sightings were recorded.
The weights were removed in the reverse order of that in which they were
put on to provide a hysteresis check. The same procedure was repeated
with the weight box suspended from the engine mount at the rear of the
vehicle.

COMPUTATION PROCEDURE

Computation of the vertical cg was accomplished using Equation 1,
the terms of whi~h are defined in figure 2. Equation 1 is derived as
follows (reference 9) :

X& = Xy COS 6 - %, sin ©
»*

&X = 2 sin 6
cg cg

Summing moments, I =0

Mpivot

wX" = wkx
W cg

(X cos 6 - Z_ sin §
Z :‘,_J. w
cg W sin 6
X
_ W W \
ch T W ( Tan 6~ ‘w (1)
where

w = incremental weight added
W = weight of X-24A and experimental eguipment
X, = horizontal lever arm of the weight box

2,y = vertical level arm of the weight box

-1 net change in tape readings
distance between tapes

§ = tan



A tangent function resulted since the tape measures were attached
to, and therefore rotated with, the vehicle. The total woeight was de-
. termined as follows:

Total weight (gear down)

‘ » X~24A (less vilot) 5,927.0
| Hoist beam 453.0
Shot bags to level 58.4

6,438.4 pounds

Total weight (gear up)

X-24pr (less pilot) 5,927.0
Hoist beam 453.0
Sshot kbags to level 37.2

6,417.2 pounds

The Jistance between the
tapes was 149.75 inches

Distance from pivot point to welights suspended at nose:

Horizontal distance: 15%6.81 inches
Vertical distance: 57.54 1incnes

Distance from pivet point to water-line zcecro: 90.337 inches

- Pivm
_ (\

oY N e e

R~~~ v~ g

Ly wint!

A = Al

Figure 2 Detinition of Terms in Equation 1
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The tape measure readings for the gear-up and gear-down configura-
tions are summarized in tables I and I1. The net relative change in
tape rcading 1s used in tables ITII and IV to determine a vertical cg for
eachh incremental weight.

The computed vertical cg's for cach aircraft attitude from table 1V
are platted 1n figure 3. The Zcg values obtained at larger angles were
welghted more heavily when a line was faired through the data, since less
crror 1s intrecduced in computing tan ¢ at these angles. The values usod
for the vertical distance from the suspension point to the cg were 62.75
inches for gcar down and 60.00 inches for gear up.

TABLE |
Weight Suspension at Nose ~ Gear Up
Front Tape Rear Tape RelmiveRCh:pge in Tepe
Weight | _ __ e} _Reuding
Incr Decr TAvg Incr Decr ! Avqg |Front Reaqr Net Net
5 e | 1e 10 0| 20 i
0 5176 516 ! 5132 517e 5116 | 5132 0 | ¢ ' 0] o
B 5 5.0 10 s | ] 2 s "0 16
58.0 481e 481 L4832 51v¢ | 513 513 332% 3z _L 337 3.500
a 9 ' _l:7>4 7 T 2; e : T
| 1081 | asie ' asis assr | s2iE g 523 | senE | sTE| o3 4321 s
—8; T BI_" nh | ol ol 5?11" e b Ty e ST
15 4318 4316 32 52 32 3z iz 3z | T 37 3z 9375
I K} e 16| ze | zs ! 28 | ] & : va | e man
208.0 40 1+ i 40 32 - 40 32 9232 [ 57232 . 5232 11 v~ 132 i3 ic.lace
IR S e e e RS S R e o Rt
258.0 | 387s ! 385 : 3837 | 5316 37| 5332 | 1372 ~132 | 1537 | 15.063
B N T D I R T e T T e
| 3063 | 3532 i 3578 ! 3532 | 5316 | 5332 533z | 1532; -23z | 1733 17.906
P BV RN S AR N R B S SPY AR R
3564 | 333z ! 3332 | 33%: sausl 5416 l 543 1332i ~232 | 203z | 20.532
| !
TABLE Il
Weight Suspension of Nose — Gear Down
—
Front Tape Rear Tape Relative Change in Tope
Weight } e . -, Reading
incr | Deci | Avg Incr | Decr | Avg [Front | Reor | Net Net
T 10 21 11 9 20 |
0 s1v6 | 5176 | 5132 | 51761 §17¢ | 5132 01 0 0 | 0
' i i
; i 28 20 ' g 28
58.0 | 497 | 4gTe| 4937| sire! si15 | s1sz | 25 | sz 1257 | 2.875
: | 1 ’ 3 z 281 e »
108.1| 4616 | q6 | Ae3z| S237| s2ve | 523 | 531 . ~5 | 637 1 62U
o | s . R T TS s | 2e o ]
158.3 4376 ! 43‘»6) 4332 5232i 5232 | 523z 83z © 73z | 952 . 9,031
2 v 5 29 14 16 ! I
208.0 | 4132 41?‘6'{ a132| 5252| 5276 | 5232 | 1052} —152 | 113 | 11.750
2 30 s | L
258.0 33%2 33}%: 3852 | 5376 | 5376 | 5112 1252 | .13z | 143F | 14531
18 [IF 13 17 7 17 29 2 ,
3063 3637 . 363 i 3632 | 5332 53ve | 5332 | 1532 ; 132 1732 | 17.156
3 3 s I 15 30 1 1o 25
356.4 | 34i¢ 34E[ 3437 | 537 | 53e | 5352 | 1757 | -2 | 1932 J 19.781
L. . [P N N - ——— - JEENDNNIE e d e
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The vertical cg with respect to water-line zero was found by sub-
tracting the values of 2¢g from the total distance of the pivot peint
to the water-line zero. The gear up and gear down measured values are
shown below.
Gear up: 90,337 -~ 60.00 = 30.337 inches
Gear down: 90.337 - 62.75 = 27.787 inches
TABLE Il
Vertical ¢g Computation, Gear Down
W 6117.2
W Ry B 156.81
z a — - 7)) w
8 W tand " 7, = BT.5M
® 0
S P+ A
r— R Tanl) = r 156,81 T P
» Fage: Chan [ Net7149.553 e Tanfl o vE w
58.0 2R7H 0192 1.0999 3167.7357 8110 .2157 73.30 13
108.1 6.217 0415 2.3781 3775.8960 3T18.3560 62.6370 | ﬂ
158.3 | 9.0%1 | .0603 | %.4519 | 2599.61%5 | 2342.0723, 63.7050 ! !
208.0 {11750 | 0785 | 4.4865 | 1998.4931 | 1940 9534 | 62.9099 | 1
258.0 | 14.531 0970 5.5432 1616.0 139 1558.1739 62,6576 ,
|
366.3 | 17.156 L1146 6.5356 |136R.T:’)l3 1311.21]3I 62 08306 i {
356.1 | 19781 | 1321 | 7.5232 Lllﬂ?.():')fm | 11295138 1 62,7312 |
i 1 .
TABLE IV
Verticol cg Computation, Gear Up
4 AN
'_ 1
58.0 | 3.500 | .0234| 1.3389 | 6709.2279 ﬁﬁﬁl.GS?S)i a0.9211 ! .
108.1 6.500 0424 2.4854 3612.6612 3555.1212 59.6901 | f
i
158.3 9.375 .0626 3.5823 2504.7784 2447.2384 60 .1699 ‘
208.01 12.282| .0820 4.8887 1911.9278 1854.3878; H9.9082 l K|
i .
258.0 15.063; .1006 5.7439 1558.9390 150 1.3090,  §0.1642 1 '
306.3| 17.906) .1194 6.8186 1311.4206 1253.8%06 59.6520 [
356.4 | 20.532] .1371 78071 1143.6927 1086.1527] 60.1244 || :
1
o e ) Seeaasn '_.z:- P ~SDteure M. -0 R~
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) This mcasured vertical cg includes the mass effects of the hoist

bar and balance weights. The moments that these items created aboul
the suspension pivol point are removed in tables V and VI to obtain
the gcar up and gear down conditions for the empty X-24A (flight 2

configuration) .

Table V

VERTICAL cg - GEAR UP (FLIGHT 2 CONFIGURATION)

g~ —

Vertical
Weight Displacement Moment
Item (1b) __(in.) (in.-1b)
XxX-24A total 6,438.4 60.00 386,304.000
Hoist bar -453.0 17.187 -7,785.711
balance weights ~58.4 49,35 -2,882.040
—t |
’ X=24A7 5,927.0 63.377 375,636.249
With respect to water-line zero:
72 = 90.337 - 63.377 = 26.96 inches

Table VI
b VERTICAL cg - GEAR DOWN (FLIGHT 2z CONFIGURATION)
Vertical
. Weight Displacement. Moment
Item (1b) (in.) (in-1b) 1
X-24A total 6,417.2 62.75 402,679.300
Hoist bar -453.,0 17.187 -7,735.711
. Balance weights ~37.2 49.35 -1,835.820 {
X-24n 5,927.0 66.316 393.057.769
y With respect to water-line zero:
Z = 90.337 -~ €6.316 = 24.02 inches
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VERTICAL cg FOR THE INERTIA MEASUREMENT

In order to determine the X-24A moments of inertia, a new test
vertical ¢g had to be determined for the test measurcment aircraft con-
figuration (including ballast weights, dummy pilot, less flight weights
{(permanent ballast), and changes between flights). This was the verti-
cal cg uscd to obtain the moment of inertia about the knife edge and to
transfer the inertias to the body axes. The moments and weights of items
added and subtracted from the aircraft are computed in appendix 111 for
the suspension point used in this second measurement. The moments due
to changes between the first and second flights are also accounted for.

This vertical ¢g was uscd for computation of all moment of inertia
transfers from the inertia measurement. The gear down vertical c¢g for
the test configuration was also obtained.

Table V1T

VERT1CAL ¢g -~ GFAR UP (INERTIA TEST CORFIGURATION)

Vertical
Weicht Moment Displacement

ltem {1lb) (in.-1b) (in.)
X-24A 5,927.0 375,636,249 63.377
Ballast weights, dumnmy pilot 9 7 o
hoist eyes, ballast box *616.416 +39,732.537
Flight weight -154.0 -10,831.898 - - -
Changes from third flight -9.54 -1,034.58 - - -
F——- — —_ —
X~24A at inertia measurement 6,379.88 403,502.308 63,246

With respect to water-line zero:
Z = 90.337 - 63.246 = 27.09 inches




VERTICAL c©g - GEAR DOWN

Table VI1I

(INERTIA TEST CONFIGURATION)

l Vertical i
Weight Disnlacement Moment

Itenm (1b) (in.) (in.-1bh)
X-24A7 5,927.0 66.316 393,057.769
Ballast, etc. +616.416 - - = 39,732.537

— . -
IFlight weight ~154.0 - - - -10,831.898
Choenans -9.54 - - - —1,634.58
X-24N at test 6,379.88 65.977 420,923.828
Wiith respect to water-line zero: o T

7Z = 90.337 - 65.977 = 24.36 inches

Table 1IX
VERTICAL CENTER OF GRAVITY SUMMARY (WITIl RESPECT TO WATER-LINE ZiRO)
Z z

Contiguration Goar-Up Gear-lown

1. Measured value, suspended 30.337 27.787
X-24A including hoist bar
& balance weights

2. Corrected for removal of 26.95 ! 24,02
hoist bar & balance weight

3, Corrected to X-24A configura- 27,09 24,36
tion at time of inecrtia swing

MEASUREMENT OF I, and Ix»

TEST PROCEDURE

To obtain the mcment of inertia about the Z-axis and the inclina-
tion of the principal axis, the X-24A was suspended from a single cable
with the landing gear retracted. One end of the cable was attached to
an overhead crane by a swivel to minimize torsional effects, and the
other end was attached to the X-24A hoist bar approximately above the
aircraft cg {(figures 4 and 5). Sixty pounds cf lead shot were added at
the rear to level the vehicle.

A lightweignt aluminum channel was bolted to the jackpads of the
vehicle and was braced longitudinally with another aluminum channel.
Four springs, two per side, were attached to the channel as close to the
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aircraft longitudinal cg location as possible. Figures 4 through 6 show
that this insurcs a 90-degrece angle between the channel and the spring
line of action. The channel was 12 fect long, giving a lever arm of 6
feet for cach pair of springs. The .prings were attached through an cye
bolt at the end of channel (figures 4 and 5). Both the channel bracing
and sccuring of the eye bolt were necessary to prevent sccondary spring
constants. The springs were then connected to vertical tiebacks through
lightweight tubing and turnbuckles. The ticbacks each had 17 holes, the
middle hole on cach being used to insure a level plane of action for all
4 springs. The turnbuckles allowed all fcur springs to be preloaded to
insure operation in their linecar range. The spring calikrations arce
shown in appendix 11.

Three different sets of springs were used. The smaller springs woere
sclected because of their light weight, which ninimized the sag in the
tie-back apparatus and gave a straight line of action for the svrings.
For the mecasurement of Iz and Ixz, one small and one medium spring were
usced on each side, which presented preloading problems. The sprinags had
a linear range of eight inches, but had to be preloaded two inches to
insurc operation in this range.

After the wvehicle was leveled and the springs preloaded, pressurc
was applied horizontally to the pitot boom until the X-24A began oscil-
lating at the proper test amplitude. Care was taken in startinag the
motion tO insure that yawing motion and not pitching meotion was induced
and that the springs were not stretched out of their Zinear range at the
high or low end. Thus, sag was eliminated and oscillation amplitudes
were kept as low as possible. Several trial runs were wade and thc
setup was inspected to insure that all secondary spring constants had
been eliminatcd since these can cause a change in freqguency with time,
caucing ¢ -eat to occur between the yaw and roll motions.

The vehicle instrumentation was used to record yaw, roll, and pitch
vates. The X-242 PCM system transmiitted test data to NASA's mobile
telemetry van parked near the aircraft for recording and display. The
vyawing forcing function was applied to the boom and the vehicle was
allowed to oscillate freely for a few seconds before the data were re-
corded, Three test runs were made and the frequencies were averaged.

A stopwatch was used as a backup to the instrumentation.

Ixz and ¢ werc measured using the same setup as described for I,.
Since the amount of roll rate induced by a pure yawing moment is directly
proportional to ¢ and 1.,, these two gquantities can be determined by
applying a pure yawing moment to the aircraft at different pitch atti-
tudes and measuring the amplitude ratio of roll rate to yaw rate. The
aircraft attitude where roll rate to yaw rate (P/R) is zero defines the
inclination of the principal axis.

Instead of producing aircraft motion at different pitch attitudes,
the inclination of the spring plane of action was varied by moving the
tie-back points up and down using the holes shown in figures 4 through
6. The tie-back was moved up two holes for the two forward springs and
down two holes for the rear springs. The aircraft was again disturbed
and the roll rate and yaw rate recorded in the mobile van. This pro-
cedure was repeated at several different angles of spring action for
pitch up and down to chack for hysteresis and to insure that the inclina-
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tion of the principal axis had been passed through (figure 4). The
springs were pre-stressed at each point to insure linecarity and to check
that the line of action was straight. Knowing the inclination of the
spring plane of action and the roll rate to yaw rate amplitude ratio, ¢
was determined. This procedure for measuring Iy, and ¢ is discussed at

length in reference 9.
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COMPUTATION PROCEDURE

' - For convenience, thc constants used in computation of all moments
of inertia arc presented in table X.

Tat;le X

COMPUTATION CONSTANTS

~— g — ———

wergnt ana dalances Constants Sprin:g Constants
2t b fr Small Springs
Wy v 965 b K] = 120.8 1L,/ft
We = 635 lis Ky = 118.9 lu,/f
b ape > 3.5 an. - 0.2915 ft MG U A6 LS
3 he s 1005 an. = 0.475 ft e R
e T b - = . ]
Vo_,.. = 06,360 1b Ry = 235,70 lb/ft
aTenn fy = 259.70 1b/ft .
noooor 44,600 an. = 3,717 £+ 4
cy 0 Soring
AT GE ©DIANGS
M- 198,14 slugs
Kg = 767.16 1b/ft
Kg = 762.34 1b/ft
K7 = 764.48 1b/vt
Kg = 766.32 1bL/ft 1
' spring Constant Totals [
1 kg (T ig S A I SRR LS B [Wa
Ky (For Igaple) = Ky + Kg = 51% & 1b/ft
Kt (for Iy and 1,) = Kg + Kg + K3 Kg = 3061.3 b/ ¢
1
.
'
1
. - . i
The egquation for determining 1, is: ]
2
KTa
I = e - (2)
z 2
w
l The measured freguency was: .
= = 1.697 rad/sec (average of 3 runs)
using constants from table X:
- I, = 9,440 slug-ft? p
z = 9, slug

This measured value of I, contains the inertial contributions of the
hoist bar, shot bags, aad spring attachment apparatus. Thesc must be

’ subtracted to obtain the X-24A body axis moment of inertia. In addi-
tion, the flight weights were added to obtain the empty aircraft
inertias. These changes are itemized in appendix III.




Tofirst flight * Izpeasured ~ YZsubtracted b Yzadged
(empty aircraft)

It

9,440 - 946,27 + 418.7
= 8,912 slug-ft?

From reference 9, the eguation for relating the inclination of the
spring planc of action (%) to Iy, is:

Ixz = I2 tan :0

where:

inclination of springs plane of action at zero roll rate to
yaw rate ratio

)

Figure 7 shows a graph of the tangent of the inclination angle
versus roll rate to yaw rate ratio. It shows ¢ to be equal to zero for
a zero P/R ratio. This was verified visuaily by noting that for the
level position no roll rate occurred as a result of yawing motion.
1hus, the measured value for Iyg, was zero. The quality of the telemetered
roll and yaw rate datca was poor for this test and an error analysis was made.

N SRR Y L A

Figure 7 Error in Measurement af iy,
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Of the several possible sources of error, the error in ¢ was due
more to noisc in the measured values of P and R than errors in thc
measurement of spring tie-back points or the distance between tie-—-hacks
since these are dircct mecasurements. A band is shown in figure 7 that
encloses the total error observed from measurine P/R.

POSSIBLE ERROR IN |,; AND -

LIXZ = Iz f tan
tan & = +.008 (from fiqure 6)
1, = 8,912 slug-ft?
_ 2
1,, = 0 slug-ft (measured)
: = 1 s
I, = *(8,9812)(.008)
(1. = +71.29 slug-ft2
xz -

The measured value for Ix? is then

I = 0 +71.29 Slug—fL2

KZ —
Using the i1nertia increments from appendix 111, the calculated first
flight value for Iy, is:

Ixz - Ixz - Ixz T ik
measured subtractced addea

(0 +71.2%)-(94.35) + (-14,59)

79.76 + 71.29 slug-ft°

The inclination of the principal axis to the body axis can be re-
iated to 1,, I,, and Iy,. This expression (Equation 3) is given in
reference 9.

The first flight value of ¢ was calculated for the bound of Iy, and
measured values of I, and Iy.

For

79.76 + 71.29 slug-ft2

[
i
(+

0.617 0.56 decgreces

i

|+
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MEASUREMENTS OF I, and ly l

TEST PROCEDURE

The moments of inertia for roll and pitch were¢ measured by mounting
the X-24A on its shipping cradle and the cradle on a platform especially
constructed for determining the moments of inertia. The platform was
constructed of 6-inch steel I-beams and had a total weight of 965 pounds
(figure 8). The shipping crate material was 4x4 inch hardwood. The
hardwood shipping cradle was attached to the moment of inertia platform
by an 8«inch steel channel on one end and a 6~inch I-beam on the other.
The cradle and attachments had a total weight of 635 pounds. Figure 9
shows X-24A, cradle, steel channel, and I~beam attachments.

\— KNIFE EDGE \

A \

Side View of 1-Beam !

AL+ .

L 2 SPRINGS 2 SPRIMGS ~_\1

=

| BEAM

/— KNIFE EDGE
1
Z

¥
bﬁ‘_{ i, ¢ .

Frame Moterial
6 in. Beam

Weight =15 1b/At

Figure 8 Platform Setup for Measurement of Ix and Iy




Figure 9 Setup for Measurement of ly

Figure 9 shows the experimental setup for detarmining Iy. The entire
X-24A and cradle assembly was suspended above the floor on two knife edges,
’ which allowed the vehicle to oscillate about the X axis. Four large
springs, two per side, were stretched betwecen the I-beam and the floor
with a turnbuckle for pre-loading. Details of the knife edge and sirings
are shown in figures 10 and 11.

The aircraft and cradle were rotated on the platform in order to 1
use the same knife edges and springs to measure the moment of inertia ‘
for pitch. The inertias ¢f the table and table-plus-cradle about the
knife edges were determined for both pitch and roll on two separate occa- 4
sions. 1Two tests were performed for each inertia measurement. A stop- ‘
watch was used to time the period of the oscillations for the first test;
the X-24A on-board instrumentation was used for the second. Different f
' springs were used for the two tests. The initial test used two medium
springs in order to permit an accurate determination of the period with

a watch. The second test used the large springs that were also used io
determine the I, inertia of the X-24A,.

TR .,







' - ) . ! -
I U U . -

| COMPUTATION PROCEDURE

lapte

The determination of the moment of inertia of the table about the
. knife edge will be discussed first. The equation for determining the
moment of inertia of the table is:

2 -
b r B S i
table ol
Test 1.
) Using two mediuwn springs and a stopwatch for timing the period of

' the oscillation

_ 20 cycles _ i
w T8 scc © 0.8405 cycles/sec

w = £.278 rad/sec

18530 - 282.5 !

~y —— — —
=
ot
o
o
[
[0}

27.82
; 2
I,.p1e = 655 slug-ft
Test 2.

Using the X-24A gyros and four large springs

Kp = 3061.30 1b/ft
o = 20 cycles _ 5 493 cycles/sec

b 9.65 sec

13.02 rad/sec

£
i

Substituting constants from table X:

_ e 2
Itable = 650 slug-ft
The moments of inertia of the table-plus-cradle and attachments
were determined for both pitch and roll from the two methods above. The
moment of inertia of the takle was the same for both pitch and roll, but A
the inertia of the table-plus-cradle was not.

ly., ¢ (Bitch)

The determination of the pitch inertia for the table-plus-cradle
was as follows:

R 2 R




rar

Tast 1.

Using 2 medium sSprings and a stopwatch for timing the oscillation
pericd and 100 pounds of weight at the 6-foot moment arm of the springs:

o =20crcles _ 4 515 cycles/sec

23.1 sec
w = 4.47 rad/sec
K. a2 - W_h,. - W h
1 _ T T T c C
Yt+c ~ w2

Substituting constants from table X:

_ e 2 .
IYt+c = 885 slug-~ft (pitch)

Test 2.

Using the X-24A gyros and 4 large springs plus 50 pounds of weight
at the 6~foot spring moment arm.

w = 20/11.15 = 1.794 cvcles/sec

11.27 rad/sec

€
[

sstituting constants from tahle X:
1 = 855 slug-ft” (pitch)
yt+c g P

This is the inertia used for pitch because of errors in Test 1.
(The cradle was shifted 1-3/8 inches from the previous test and only one
S0-pour. .*ight at the 6-foot spring moment arm was used instead of 100

pounds as in the previous test.)
The roll inertia of the table plus cradle was determined in the

same manner.

lyg , ¢ (roll)
Test 1.

Using two medium springs and a stopwatch to time the period of the
oscillation:

€
f

20/28.3 = 0.707 cycles/sec

4.44 rad/sec

€
i

2

rympe— e T T e -~




Substituting constants from table X:

Ty, .o = 892 slug-ft’ (roll)

Test 2.

X-24A instrumentation and four large springs

o 20
“ T I1.35

= 1.762 cycles/sec

11.08 rad/sec

[

w

Tyeye = 893 slug-ft? (roll)

To obtain the pitch and roll inertias of the X-24A about the knife
edges (KE), the inertias of the combination X-24A, table, and cradle were
obtained. The pitch inertia is computed first:

Pitch
Spring Table Cradle X-24A
. _ Kp2 o Wehp = WR, - WyooaaPeg
YCombination (KE) w2
where:
Kp = 3061.3 1b/ft (four large springs)
Wy 2ap = 6380 lb (with dummy pilot & ballast)
cg = Z (WL = 0 to cg) + aZ (KE to WL = 0)
= 27.09 + 17.516 = 44.606 in. = 3.717 ft
w = 2.662 rad/sec

_ .2
I¥combination (KE) — 12:096 slug-ft

Tyx-24a (KE) ~ IyCom»ination (KE) ~ Iyt+e
11,241 slug-ft*

"

The moment of inertia about the knife edge was then transferred tco
the Y-body axis through the cg.

- - 2
Iypody = T¥x-24a (k) ~ ©® (Beg)

]

11,241 -~ 2,737
8,504 slug-ft

2
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For the emnty aircraft (without pilot, chute and expvendable gases):

Iy = Iymeasurea ~ subtracted ¥ Yadded
I,, = 8504 - 713.40 + 336.36

= 8127 slug-ft°

Roll
A similar procedure was used to determine the roll moment of inertia.
\
) \
: Spring Table Cradle X-24A7
~ s — "
2
. ) Kpa - Weho - woh - Wy 24Mcqg
Xcombination (KE) w?
) \
i where:
! Ky = 3061.3 1b/ft (four large springs)
w = 4.08 rad/scc
Ixcombination (KE) ~ 2132

: Ixx—24A(KE) = Ixcvmbination (KE) ~ IXt+c

5152 - 893
4259 slug-fte

1]
e,

2
IxEody = Ixyx.24a (KB) m(hcg)

4,259 - 2,736 = 1,521 slug-ft?

IxBody =

For the empty aircraft (without pilot, chute and expendable gases):

- - T, + .
Ix T ¥measured Ixsubtracted Ixaaded ‘

1521 - 29.85 + 83.65

-
x
]

1565 slug-ft?

j]
ke
"

(L}

i
A
%
£
S
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MOMENT OF INERTIA SUMMARY

Tables XI and X11 present the measured X-24A moments of inertia.

For comparison purposes, the X-24A weight and moments of inertia at
launch computed by the Martin Company prior to vehicle delivery are shown
below. Also shown are actual first flight values. The data shows that
the actual vehicle weight and moments of inertia are larger then com-
puted by the contractor. It must be noted, however, that there were
numcrous aircraft weight changes between the Martin Company determination
and the mecasurement described in this paper.

Table XI
X-24A MOMFNT OF INERTIA SUMMARY
Weight Ixx Iyy Izz Ixz
Configuration (1b) (slug-ft2)
At inertia measurcmentl 6,380 11,521 8,504 9,440 0.9
Empty aircraft - first flight1 5,917 | 1,565 8,127 8,912 79.76

1AM,
N LA

and Iy, that were used as_a baseline during the
flight program were lowered by 25 slug-ft2 due to a computational
error discovered late in the test program. All calculations of
flight inertias are based on empty aircraft values of Iy = 1540

1. The values of Iy

'
4
t
!
!
¢
1

and Iy, = 8102 slug-ft2.
Table XII
X=24A INERTIA COMPARISON WITH PREDICTIONS
1 Weight Txx Tyy [ 2 Loz Ty
Confiqguration (1b) (slug~ft“)
Martin Co. estimate 6,006.69 1,246.9 7,180.8 7,787.9 144.,2
Actual first flightl 6,362 1,543.9 8,537.9 9,345.5 39.9
Difference with actual 356 297 1,357 1,558 ~-104.0
slug~ft? (pct) (+5.6) (+19.3)} (+15.9) (+17.7)

NOTE:

1. Full aircraft ready for launch for a glide flight,.

25
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DETERMINATION OF INFLIGHT
WEIGHT AND BALANCE

TEST PROCEDURE

Since the first flight of the X-24A. all configuration changes which
affected the weight of the airplaic were recorded and used to update the
mass data of the basic airplone. Prior to cach flight, the launch andg
landing eg's were predicted. The first ninc flights and the twenty-second
flight of the X-24A were glide flights with no XLR-11 rocket propellants
on board. Reguired data for these flights were the dry weight (basic
airplane), launch weight with piiot and expendable gasses, and landing
weiaht which varied only if the hydrogen peroxide landing rockets were
used. This information is shown in table XII. The remaining flights were
powernd, and the mass daca were a function of the propellant flow rates
and propellant angles. A computer program was developed to compute the
mass data at discrete times throughout the flight. Time histories of
cg's and moments of inertia for flights X-10-15% through X-28-34 (excluding
X-22~27) are shown in appendix VI.

COMPUTER PROGRAM

An X-24A mass data program was written for the 1BM 7094 computer.
The program listout is shown in appendix V. Subroutines are used to com-
pute configuration changcs and mass changes due to peroxide flow, LOX
prime, water-alcohol prime, propellant flow for each rocket chamber, and
propellant jettison. Also included are subroutines to compute the effects
of propellant angles which result from aircraft accelerations. The
individual computer subroutines are described below in their order of use
in powered flight analyses.

L. ddition and Subtraction Subroutines

These two subroutines, labeled ADDAT an¢ MINUS, respectively, are
used to add or deletc new mass items from the aircraft and calculate new
cg's and moments of inertia. The subroutines accomplished the bookkeeping
task of accounting for weight changes to the aircraft betwecen flights.
Updated weights were checked by comparing them to periodic weighings at
the AFFTC weight and balance facility. Any differences were noted and
the new measured weight and horizoncal cg were used as a bascline for the
ensuing flights. A comparison of predicted weights and actual weighings
is shown in appendix VII.

After updating the new weight of the empty airplanc, the full, cap-
tive flight mass properties were determined by adding the point masses of
the pilot and chute, expendable gases (cabin air, helium, emergency
helium, hydrogen peroxide), and, if regquired, the propellants (liquid
oxygen and water-alcohol). Point mass amounts of LOX and water alcohcl
used were 2,760 pounds and 2,510 pounds, respectively. These values
were measured by ground fiil tests. The volume of LOX on board during
actual flights probably varied somewhat from the ground test measurement
due to differences in LOX density at varying temperatures. Since LOX
temperature was not monitored in flight, no correction was possible.

The fully serviced values of 19.7 pounds cabin aix, 200.0 pounds hydrogen
peroxide, 11.7 pounds helium, and 2.1 pounds emergency helium were hand-~
book values (reference 10).

%
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Qther prclaunch losses of cabin air and helium were calculated with
the subtraction subroutine. These values were average values on typical
prelaunch flight times and leakage rates and were the same for all flights.
The cabin air loss was 1.2 pounds, and the helium loss was 2.0 pounds.

No accurate method was found to determine the LOX boil-off at altitude
between I0X top-off and tank pressurization. This time poeriod was nor-
mally less than 30 seconds so this loss was neglected.

Prime Subroutines

Prelaunch mass losses due to rocket engine prime were calculatoed
in the following subroutines: PEROX, LOXPRIM, WALPRIM. ‘'The start of
prime was dctermined by the drop in temperature of the LOX prime line
—.asured by a thermocouple on ti > line itself. Approximately 20 scconds
later a sccond, smaller slope change with time of LOX prime line tempera-
ture was the indication of the change from gaseous to liguid LOX prime.
The gascous LOX prime rate of 0.313 pound per second, the liquid LOX
prime rate of 3.84 pounds per second, and the water-alcohol prime rate
of 0.02 pound/second were measured on a ground test engine run. The
assumption was made that the prepellant flow rates during the engine
igniter test were the same as the prime flow rates for this short period
of time (approximately one sccond).

Propellant Angle Subroutines

For a partial load of fuel and oxidizer the vehicle cg was a strong
function of the location of the fluid in the individual tanks. The suar-
face of the tluid would be verpendicular to the tcectal resultant force
vector on the aircraft. The angle between the resultant torce vector and
the fuselage referencc line was determined by resolving the normal and
longitudinal accelerometer readings at any instant in time. This angle
is called the propellant angle (3p) and is defined as

Up = sin’ —2B__\-= sin ~5
2l + xé VRF?

where Xg and 2p are the X and Z body axis forces, respectively (ox
accelerometer readings).

Estimates for the location of the c¢g of various amounts of trapped
propellants were made using trapezoidal approximation for the tank shapes.
These computations were made in increments of 1/8 of the total propellant
load over a range of propellant angles of +90 degrees. These data are
shown in table I of appendix VI1I. The c¢g locations of LOX and water-
alcohol arc used along with flight mecasurements of propellant angle and
propcllants remaining to calculate the actual ¢y and moments of inertia
versus time for each powered flighc. To obtain the maximum cg travel with
propellant angle for purposes of simulation and flight planning, the matrix
of all combinations of weights and fuel angles was run througn the X-24A
weight and balance computer program to compute total aircraft weight and
cg for each condition. Estimates of the ratio of LOX and water-~alcohol
on board at any particular time (or gross weight) were based on LOX top-
off and boil-off estimates, prime estimates, and engine specification
values for oxygen/fuel ratio. The resulting data produced curves such
as the peanut-shaped curve for horizontal c¢g shown in figure 12. The




changes in all other mass properties as functions of propellant angle
were also calculated.

To compensate for propellant angle changes while the engine was
running, a new weight and cg were computed every 10 seconds during the
burn using the LOX, WAL, and PEROX subroutines. Starting at the time of
ignition, LOX, water-alcohol, and hydrogen peroxide are subtracted as a
function of time of burn, flow rate, propellant angle, and number of
chambers burning. The sudden propellant angle change due to acceleration
changes at engine start and shutdown was accounted for with the LOXDEL
and WALDEL subroutines which computed a cg change without any change in
nass.

One of the weak points of determining the mass properties during
vowered flight was the lack of knowledge of actual engine propellant flow
rates. Initially, specification values of flow rates were used in the
calculations. Later in the powered flight program, attempts to determine
flow rates from ground tests were not totally successful. (Obviously,

a better way to determine propellant flow rates would be through the use
of flowmeters installed in the propellant lines.) Representative LOX
and water-alcohol flow.rates used during the program were 4.75 and 4.40
pounds per second per chamber, respectively.

Jettison Subroutine

If jettison occurred during a flight, Lof‘and water-alcohol were
subtracted separately at rates of 73.0 and 63.0 pounds per second, re-
spectively. These values were determined by test jettisons on the ground
which were timed with a stopwatch. Decay of tank pressures was uzed to
determine the time of jettison of the propellants.

Hydrogen Peroxide Subroutine

Hydrogen peroxide is subtracted at different flow rates, depending
on whether it is used for engine prime, jettison, landing rockets, or
any combination of engine chambers. If landing rockets are used, the flow
rate is 7.1 pounds per second, which was determined from an engine ground
run early in the program. Flow rates for the XLR-1ll rocket engine are as
follows (reference 10):

Prime - 0.013 1lb/sec 3 Chambers - 0.45 lb/sec
1 Chamber - 0.31 lb/sec 4 Chambers - 0.51 1lb/sec
2 Chambers - 0.32 lb/sec Jettison - 5.26 1lb/sec

Landing Gear Effects

The effect of lowering the landing gear was calculated for six
separate flights based on the individual landing weight for each flight
and design estimates of gear weights and cg locations. The effects were
averaged for the six flights and the average incremental values were
applied to all of the other flights. The calculated average shifts were:
-2.002 inches for X, 0.0 for Y, -2,461 inches for Z, +158.17 slug-ft2 for
Ixx, +107.63 slug- ££2 for Iyy, -50.80 slug- ft2 for Izz, and 12,905 slug-

ft2 for Iy,.
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APPENDIX |
WEIGHT AND cg MEASUREMENTS

Ll
. AIRPLANE ¥C1GHING RECORD L_,,_.,”:',‘,",
Toatt wermeo T woocr, T T T ] seial wGuada T T
25 Nov 68 | X-24 ! 551
PLACE SEIGHED h T e ';- N;NG-_'I;SO_RNF\. ToTTTTmT T T T T
EAFB, Colit l R. Anderson and G. Hellwig
} 1 H I |
REACTION SCALE s
Phaste. Jeckoinie, efc.) READING ] TARE I wer weion: i ARM . MOMENT
A mam S0 T o
| \
LEFT MAIN | N
i
RIGHT MAIN l
e S A ok
[ i
SUB- TGTAL | .
(Beth Main) ! | 5360 | 179.58 © 962,549
. o 3 - ___i _____ - L L __1 — .. . - - —
! f e
NOSE |
| o 62.28 63,526
- - - R —_— ey - - - R -
tH I
TOTAL |
(Ae Werghed) 6380 i 160.83 1,026,075
MEASURFMENTS s
v Rz 4,58 the d:stance from tbe jig pocict, to the center line of the raln reattons. J0ain H
by reasurcwuept.
1=__175.00 the di1stance from ibe reference datum to tne (1; v of the airclane, fresm uhich N r
i a plumt bob can be dropred to ihe ground. (b ~ the airylace fi1agr*s ar I
lbart E.
B
EZ 179.58 !/4ne distance from iLbe reference datum to the center lite of the maln reactions.
E: B
E 2 3 - B (17 the jif point se aft of the center lrne of the main resctions.) *
D2_ WNZ30 ____ the wheel base (or the diatance detweon fore and slt reections.) blain b5 Measuremant.
¥:_ 228 . _'"/tbe distance from the reference datum Lo the center iine of tne nose of ta:l
reaction. ogoy
£ F - D (For nose whee! type asrcraft) Groad. Art. - = 2°52° Nose up
FZE oD (For tesl wheel type asrcrnft,
)
, TALL WHEEL A(RPLANE ROSE WHEEL AIRPLANE 4
H | .
b- 1.4
3 ‘
E 4
-
el
L1
M
: 4
. H
‘
I
B DIACRAMS FOR MEASURING VARIOIIS TYPES OF AIRPLANES TO DITEAM|HE ARM OF SUPPORT RDINTS, 1
} i
‘ 1/ Check disenaione § and F agaimal appreximate divongione listed on Chart §. 1

t Figuie 1 X-24A Weight and Bal ance Records
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D). v ————— -
X - ” - ——— —
—-
AIRPLANE WE|GHING RECORD
DATE mpiCuft oo 1 wore T T srena Sousee T
_2Noves 1 X.24 Y
PLACT @€1GHE0 - J etromine srascrniy oo T s T
EAFB, Calif o R.Anders n ond G.Heliwig
C v W T
I R, S { I e
LEFT MAIN
e 1o
RIGHT MAIN ! |
F_\_,,,.,_,,,_ 4 - - [ _
SUB- TOTAL H :
(Beth Wein) | | 5210 j 18v.gs 942,385 |
- . - —4 — ¢ P R - - = - —— e
| f K | |
NOSE OR TAtL | HERIEL bosaes 74,506
A - e s s | P . ,: - - ! _—— _——_,IH - - . . - ——
ToTa i | 1
(As Beighed; - | 638 l 159.39 1,016,891
MEASURFMENTS
Long. C.G. after udding ballast (100 1b)
3 5.88 _toe distance from the )ig Foint, to the center line cf the malb reactisns. Jeot3ibp
by measurement.
F ‘15-00 the d1atance fror ibe refsrence datws to the 11z roint of the arrrlane, fror which

Jkart f.

£:_18088  !/the gistance frem the

a rlumt bob car be dropred to tbe grcund.

Jbtan fro~ the airp.ace liagram 1o

reference datur to the ceoler line of tbe main reactions.

E-!1+8

E 2 1 - 8 (If the ;18 point 1w aft of the center [,ne of the mein resctions.)
p:_11220 1ke wheel ba3€ (or the distence betocen fare and oft reactyons.) “biain b5 measurement.
r: ___é_3:-_6_§ !/vhe distance from the reference datur tc the ~enter line of the nose or ta:l

reactico.

Bz F -0 (For ucee whee! type agrcrafu)

F - E s D (For tasl encel type surcraft;

Akt J.P. 10 MR =

NR to MR =

TalL WHEEL ATRPLANE

0.49°
9.767°

NOSE WHEEL AIRPLANE |

L_ u—i_-—l-{l

oat.w

LIIxS TTdd
Rerragnce

DIAGRAMS FOR MEASURING VARIOUS TYPES OF AIRPLANES TO DETERMINE ARM OF SUPPORT POINTS.

1/ Check dimensiore & ond I “.‘"‘L .”(?xil.l. diwensions liatsd on ff:rt E.

Figure 2 X-24A Weight and vaiance Aecords
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AIRPLANE WEIGHING RECORD

fmm— e =y

l-o;ﬁL o i SIRIAL NUNBE®

[ 25 Nov (18 - 1 X :_24 B \ 551

EAFB, Calif

i @C1GHING PERSCRNEL

‘- R. Anderson and G. Hellwig

! REACT1 0 SCALE | ot
! secamointe. wrc.; REAOING | TARE tONET wELDHT
t —e . - — -
! .
i LEFT MAIN i
) }
—_—— _—— - - - ,{ -
b t 1 ' - -
RIGHT mMAIN , .
H
————— . — - —- I :
| Lelt Main 2660 -18 1 24842
I . :
: Righr Main 2660 ! -18 . 2642 .
. - C—— - Pi—" - _—— e e + . ——— - - - —_
: | F
4 .
| et I i 109 - 0.00
v el . L Coee - —— e ——
1 .
! ToTaL i ! " !
! | !
I (As Teighed) : I 6380 : 0.00
1 L
MEASUREMENTS
Loteral C.G.
82 the iistance from the Jig roipt, Lo the center line of ‘he main reacticus. Jttaia
by reasurement.
12 the distance from ihe reference datur %0 the ig raint cf the 3i1rtlane, from whnich
' a riumbt bot can be dropred tc the ground.  [btain {rom the iirilare liagram an
art F.
- 17 . Y
- | 7Y the distance from the reference datux tu the cepter iise of the main react:ions. !
EI!s+3
E 2 I < B (ff the sig point i1a aft of the center line of the aein reactions.) !
DX . the wheel Da3f (or the dietance between fore and #ft recctions.) _btain Sy ~eacurement,
*I_ *”the distance fror tae reference datun to the ~eater . ne of the nose or ta:i
Teactican.
F I F - {For noee wheel iype aircraft) M M
F2E + D (For tail eheel typr srrcrale) D D
C
TAIL WHEEL AIRPLARE ROSE WHEEL AIRPLARE
i 1 '
“m ] —— 8 -4 .
' : A i
“ .
°
» ‘; ¥ 1
M <
T ot
- i)
K " B S Ff P — 0 -
. e B L _,__1 p——¢ —4 |
DiAGRAMS FOR MEASURING VARIOUS TMPES OF AIRPLANES TO DETERMINE ARM QF SUPPORT POINTS. i
’ |
’ 7-' 1/ Check dimensiuvne § and F sgeinst approximste dingnajone lieted on Chart E. \
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.
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APPENDIX Il

ITEMIZED LISTING OF COMPONENTS
ADDED AND SUBTRACTED

Table I computes the inertia increments of all items added and sub-
tracted from the X-24A between the incertia measurement and the first
flight. Columns 17, 17, 18, and 20 sihow the irertias for cach axis.
Tubsle I11 summari: S the inertias for items removed from the aire maft
prior te the first flight. Tables IV and V present the same sumn. ry
tie vertical moments used to detecrmine the vertical cyg.

for

Table |
MOMENT OF INERTIA CALCULATIONS
'l OIMECHRC OX T_@_T Glale { uy
i 1 |
i | ol | .
i ; | -:: ;’ ?n‘ | l 3 3 |
! TEM 2 | K g_l gj’; i x : - ~ S|y I[
Qulioss Feiyhi ,Igg»;gl Qs | 2ol T.’? 65 D -1044 &9 f ’:‘-‘.QT/BZ’O 1536 | 38.3 | i l,SJl 8_6-!i 39.83 45 41, ]96' IIFIO]I 75 342
+ 237,15| vofmoe 1310 |-208sco | =757 a0 1638 P98 Lrr ver a3 4151 286 281 3625 3776 £031 -7 |
: 231250 5.0|2025L 7306 | <1620.93 | -70.29 |- 20.25] 45 4o Paa31| 2.85 y1.64l aa9] 3065 3716 3091 sl essrforiy, e :
I | 236 0 | 95| U (22.66 j-2107 14 | _7a.58 | —9.0 | 1536 [33.58] 5631 1.3 2.09 4C.11{ 3914 1.83. 36123525 -3
I 23825, 9.5 | 0L |72.¢(> | -126.97 | _77.04| <9.0 | 1536 | 41.27| 843 LSJi 2.09 [ 4275 aVTR[ .29 i 5.97| 5.84 15
' neJa! 2.0 | 3.0L |73.06 | 207992 . -72.29 -3.0 | 1388 lataa] 063 T 1es 126 a3 12r arsel aso amo 36 e 28
| | 232 80 | 11.5 19.25R 70.¢4 i--lOlS.la | _714(24| 19.25[ 13.32 |3'>A05' 257 1.4 5N , 36197 ]I,ch 1.65 , 16 I:-i lo.sd . 52 -
I 1285 237,50 19,0 20.25R [72.16 | -2056.56 _ls.o.ai 2625 | 1486 4oA|s| 285 1 1anlas 4 430 7 3790 386030 0 n
: | 163282320 [10.25) 19258 7191 |-'.onn b 7050l 1925 1 as1 [30527 2057 138 25 3590 3645 178 16,03 15.22 03
! 'lu s¢ l2n 75| 9.5 [1925R Ii?.bb I-105357 ; .70.2ai 1925 | 153e aamfasr 53] 10 381! 3688 [ res 1602 16.61 26
| 200 231133 97> 7OR 7241 _265v.89 ' -69¢7: 7.C |15 }5310 34 ||,39 17313506 34,057 155 1 3hel 3687 27
| 8.5 In:.zs 2751 7.75R [72.41 , ~2063.69 It mi 775 [15.0% [3280] 42 [1.39] 1.8s 3 381935 77! 164 2206730070 5%
H 25.0 _I?I 25 [28.87) 14.751. 53.29 | ~1332.25 |_ICQ_I‘) 14.75|~5.00 83.70 1.51 i .14 ' 1.65 i B384 -85.21 L1] | 55.09 i [ L 57
250 [r¢3.0 |29.87° 925l |53,zo 113228 | 29153 -9.25] -0 .5“°|° 59 | 4| 72 ,5833,58.78 | LT 538 a5 8L 2,
Pollust Werght |so.o 253 0 2943?i\4.375R:S2.97 | 264850 | 554 14.38 | ~5.50 5816040 b 17 | 181 S8.36 9763 2.5C . 90.62.6259 91
!Dumny Palot j21c.0 700 340 ' 0.0 .-18 16 ‘-10450.72' 2146 0.0 ~10.13 55.90| 0.0 64 I 64 ©59 5S4 $8.90 131 £01 28 396.5C -- —
,Hoist Eyes 70 |120.0 JaO SO'-!IJE ci1.66 | --291.02 | 4135 |-41 38 -18 édlll 93 ln_gv 1 a1 ||3,7 Ila.R 2388 1.52 292 2.0 i 285 -1 0
Houot Eyse 70 ||75.0 41 94 149.44 IJO_?? | _281.54 1 _13.56| -49.4a] ~18.C2 1.28 sez|2shenzran 18 25 | 416 250 397 1.56 36
" Ballast Bor 2976, 21.45 [2512]| 00 5704 | 1668.99 | 190.0 | 00 ¢ 12ej3s 00 | 0sy 003STN 13611, 004, 12358 12368 7a. =822
SFlighe Waights [1540 [2020 [200 so.ul.:n|ez.;s | 957264 | 100 51[:50.0 | .86 176.2 11736} 43 haas 20227 87 56 1 8343 I336 25 018,77 364 1259
|Ho.u Bar 4530 | 1521 4 — !l 0.0 1975 441875 | 93s | oe | assloer | — 1 —) —loer oo, — I —— 'ear 312 529
{ L L L 1 R
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Table II
) INERTIAL SUBTRACTIONS FROM X-24A PRIOR TO FIRST FLIGHT
3
I I Ixz 1,
(sluﬁ-ftz) (slu}i—ftz) (slug-ftzg (slug-ftzg
3
3.09 17.78 -3.42 20.27
1.88 36.75 -7.16 37.76
0.29 27.49 -5.16 25.57
1.50 36.12 -6.93 35.25
1.66 5.97 -1.10 5.84
3.79 38.00 ~-7.26 36.60
1.76 16.16 -2.82 16.94
1.85 36.80 -6.71 38.06
1.56 16.03 -3.08 15.22
1.64 16.14 -3.26 16.61
1.28 - 31.61 -6.37 30.67 ;
0.57 32.03 -6.35 31.17
2.50 65.09 2.07 66.16
1.52 45.44 2.23 45.64
4,16 90.62 4,94 92,59 f
0.80 2.98 ~1.01 3.00
0.75 0.36 3.94
29.85 123.68 -0.67 123.68
73.96 -32.94 73.17
o A -1.94 6.44
713.40 -0.77 155.30
b ~-7.60 32.98
- — 1.97
-94,35 18.48
b 12.96
946.27
i 4




Table TII

WEIGHT REMOVED PRIOR TO FIRST FLIGHT

. Vertical Vertical .
: Weight Displacement Moment
: Item 1b W.L. (in.) (slug-£t2)
b Ballast weight 14.37 9.50 80.837 1162.03
, 28.50 9.00 81,337 2318.11
' 22.16 9.00 81.337 1802.10
29,00 8.50 80.837 2344.27
b 4,50 9.50 80.837 363.77
. 28.37 9.00 81.337 2307.94
14.37 11.50 78,837 1133.61
! 28.50 10.00 80.337 2289.61
| 14.37 10.25 80.087 1151.25
14.50 9.50 80.837 1172.14
29.00 9.75 80.587 2337.02
28.50 9.75 80.587 2296.73
25.00 28,87 61.467 1536.67
Ballast weignt 25.00 28.87 61.467 1536.67
Ballast weight 50.00 29.37 60.967 3048.35
Dummy pilot 217.00 34.00 56.337 12225.13
Hoist eyes 7.00 40.50 49,837 348.86
Hoist eyes 7.00 41.94 49.837 238.78
Ballast box 29.26 25.12 65.217 1908.25
Hoist Bar 453.00 17.187 7785.71
Balance weights 58.40 49,350 2882.04
(gear up)
Balance Weights 37.20 49.350 1835.82
(gear down)
Total (gear up) |1127.82 52289.04 ﬂ
: Total 1106.60 51242,82
L 3 (gear down)

; Table 1V

WEIGHT ADDED PRIOR TO FIRST FLIGHT

| Item Weight W.L. Displ Moment . 4
X Flight Wts 154.0 20.0 70.337] 10831.898

L Vert Vertical
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Table V

CHANGES BETWEEN FLIGHT 1 AND SECOND
VERTICAL CG TEST (FLIGHT X-2)

Vert Vertical

Item Weight W.L., Displ Moment
Hydraulic manifold -1.75 B.5 81.837 -143.215
Hydraulic manifold -4.95 10.5 79.837 ~395.193
Nosewheel change ~9.31 0.0 90.337 ~-341.037
Nosewheel steering ~1.28 13.0 77.337 -98.991
Camera ~3.00 68.0 22,337 -67.011
Tape recorder mount +0.37 4.0 86.337 +31.915
Gas line +0.58 16.0 74.337 +43.115
washout filter +0.56 10.0 80.337 +44,115
Battery case +7.50 3.0 87.337 +655.028
Battery case +7.44 3.0 §7.337 +649.787
Battery case +5.88 4.0 86.887 +507.662
Battery case +7.50 4.0 B6.337 +647.528
Total X-1 to X-2 +9.54 +1034.577

Table VI
EXPENDABLES ADDED PRIOR TO FLIGHT
Weight = s =

(k) | *¢ino | Yno | %ing

Hydrogen peroxide 200.0 194.0 3.8 23.5
Cabin air 19.7 91.0 0.0 34.0
Helium 11.7 209.5 7.5 37.5
Emergency helium 2.1 167.0 0.0 17.5

ey
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APPENDIX IV
DERIVATION OF EQUATION 2

Ajrcraft

Knife Edge K;

Figure 1 Schematic of Airczaft Moments About the Knife Edge
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IT = 1I0

Taking moments about knife edge

spring depression
et

¢ =’ - Kp a sin g, + a‘+ whsine

force - arm

All springs are in parallel, thus they add like resistors in series.

K Kp = K} + Ky + .ouvne
The(whsine)term is due to the inverted pendulum.

For small ©'s, sin6 = 9

LT = (wh - Kpa2) o
about knife edge

Thus IT = I8
6 (wh - Kpa2) = I8

Let 8 = 89 sin wt

§ = - wl. 6, sin wt
substituting

8g sin wt (wh - KTaz) = - w2 8 sin wt - I
or,

Iw2 = KTa2 - wh
Thus the inertia about the knife edge is

_ KTaz-wh
Ixg = =2

To get inertia about cg, simply use transfer theorem

= - 2
Icg = Ixnife edge g ()

2

IKE < mh
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APPENDIX V

X-24A MASS PROPERTIES COMPUTER
PROGRAM LISTOUT

16/1s/71

5Q9. -~ EFN SOURCE STATEMENT - IFN(S) -

INTISER PART(1N)

SOMUIN FINAL(A)Y yADDATI 3 ) yPAKT,POXINCT2) o WAL I NI 72) s WTR(2)

SOMMIN PNXZ(T2) 4 WALZ{T2),POX(&) yWAL(&) ,DELT s RATEL,RATE2

TOVMMEN Z,2A7,FA

JTMINSTIN CIMPL&Y, TYT_Z(8),STARTIB)

JATY TYTLE/2HAT 4 »4X CipaHY CGyaHZ C543HIXC,2RIYY,3HILZ3HIXZ/
1IR3 2IMAT(LFINLD)Y

QOoF INAIMAT (&7{2d ®*V/1X,59(02H *)/7/20X,23HFINAL RESULTS FIOR THE %44/}

A6 2IAIMAT { VX ,%A6,4F1 2,25 4F)2:4,4K,]1 A%)

FIN IDIMAT (&N {2H <V /1X,EI(2H =) /762X,

M4ASTAQTING WEIGHT,Ce3s s AND INERTIA//)

2272 ZIIMAT (1Y, "SHIOVPONENT TITLE,X2X, SAWEIGHT o & X 64X DISTo5Xy8HY J1ST,
YA 642 DIST oo 3ATXXNeIKoAHIVYeOIXr2HI 22 49X43H XL 29Ky
224L3, 15Xy SHINCHES o 2 X4 S HAINCHE S & X o HI NCHE Sy e X y8HLB~IN $SQ:4X,
AIHLI-IN SQ, 68X AHLUB~IN 5Qs6X,8HLB=IN SQ/)

920 ZIIMAT (A& VFT, U 3Fh, 2464FTc 2,011

TIC ZIINAT (TR 2)

1A 2JMAT (RFYNL2)

8™ I3MAT(AFIN, )

192 SOMAT(2FY M. 7))
AEAILS,LN2) (WTQ(1),121,2)
138) (S,'"1) (POXIN(IN,1=)+8)
TCAD (S,17°) (POXINIID) »129,15)
AZA) 45,10 (POXIN(L) L2168, TY)
1EA) {(S,U™1 ) (AALINC(I) o 1=1,8)
TEAY AS,I7V ) (JALIN(EY 4 1=9,15)
REQ) (5,00 ) (A4ALIN(L) 4 I=16, 7)Y
TEAD(S, 1Y (POXZ(]) 4121 ,8)
REAI( R, PANIPOXZ(L) 1=23,15)
READ(R NN (POX2(T ) ,1216,71)
YEAD(S, 2 VYV (WALZL ) 121 48)
TEAI(S 1IN (WALZT ) 4129,4151)
TRAD( S\ (WAL ZIL ) 41216,7))

77 1TAI(S,9Y) RATEV ,RATE2 , 2AP
7=%0
TFA) (5,939) LOMP,STARYT PART
tF ( PART{'Y) €D 1) 50 TO 25C
)] 256K K=S,9
STAAT (K= 146, %5TART(C)*326,178

255 ZONTINUE

26" )0 1 1=1,8

TUSINAL (D) =START()

SALL TOP {CNMP, PART)
ALTE (4,933
ZALL CONVISTART,TYTLE)
. INE=26
1= (PART(Q} -EQ~ 1) GI TO 911

'3 )] % 13,9

® Z(NAL(I)=START( 1}

913 TEA) (%,999) COMO, ADDAT,PART
[FLADDAT(Y ). GT-17QICC. IGD TO 77
I (PART(%) . EQ- 7) GI TO 67
{F {PART(6) -EQ~ 8) G) TO &8
1F (PART(S) -EQ> 3) CALL LOXPR
IF (PART(A) -5Q. &) CALL WALPR

15
22
29
38
%3
50
S7
Gh
71
14
85
9%

93

117
118
119

148
151

— . M
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nan

58

<7

TS

. ! il
£9Q9. - EFN SQURCE ST ATEMENT
IF (PART(8) -EJ- 7) CALL LOXJT
1F (PART(R) -EQs B) CALL WALJT
IF (PART(R) -£3, 2) CAaLL PLUS
[2 (2ARY(8) -EQ- 1) CA_L MINUS
IF C(PART(R) -EQ- 2) CALL PEROX
TF (PART(B) - EJ, 53) CALL LOX
TF (PART(3} .EQ~ %) CALL FAL
LF (PART(8) -EQ~ 3) G) TU &CO
5 70 15
JELT=17,
re="n
T=8)DAT(1)

IF {LARS(T=-TV)) .LEs »,20071) GO 7D 76
READI( SV N31ADDAT (2}

SAa=AQDAT(2)

IF ({T=Tv) .GE- OELT) GO TO %1
IZLT=(T=T1)

TV=2TYr«DELT

ARITE (5,702) T,02LT

saL. PERIX

P -Y R R L {

SALL FAL

IF (LINE €25 A57. s0) CaALL TOPA(LINE)
DINZ = LINE #2535

A21TR (8,333) TO4P

JAL. COMV (FINAL,TYTLZ)

3N T &M

FaA=ADDAT(2)

Iall WALDEL

32 T) 7™M

FazAnDAT(2}Y

SaLL LNXDEL

32 12 M

17 {PART(9) -EQ- ) GI YO 911

[ (_INS #25 5,57, 531 JALL TOPA{LINE)
LIND = LINE +25

NIITE (5,99S) TAwp

SAL. CONV (FINAL,TYTLZ)

IF {PART(7Y ~£3s5 5) GI TO 913

1= (PART({LN) ~EQ- J) 3] TO 91}

ST

IN)

10/18/71

1564
157
161
Lo4%
lc7
17¢
17>

lae

187
188
19¢
19¢
195

197
199

N
iz
e

211

213
21%

L ey

i el e

.
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F 1¢/18/7)
g0 - EFN SOURCE STATEMENT = [FN(S) -~

3

|

3J3I0UTING MINUS
SIMMIN FINAL(B) yADDATIB ), PART,POXING T2) o wWaL LM T2 ), WTR(2)
} TIMMIN POXZ(T2) yWALZ(721.POX(6) 4WALE &) ,DELT, RATEL RATE2
SOMMON Z,2AP,FA
! JIMENSION CHAGI(3)
r SHASE (V)aFINAL() ) =ADDAT (L}
I 1A 1=2,%
Ve THAGE (I )= (FINAL(T) «FINAL (L )—ADDATI [)*ADDAT (1)) /SHAGE(YL)
37 1S 1=8,7
SHAGS ()= FINAGL(T}=ADIAT(I)
33 15 J=2,6
IF (Je3 - EQ- 1) G2 V) 15
THASE (I ZHMAGE({ ) eFINAL{Y I®{(CHAGE( J)~FINAL(J))%€2)~ADVAT(1)®
({A)IAT(S) ~CHAGR{J) 1%e2}
1S ZONTINUE
SUASE (B )=FINAL(R)~ADDAT(BI~FINAL (L )% {CHAGE (2 )-FINAL(2 ))*(FINAL( %)~
SHASE(AIVSADDAT (L) & (CHAGE(2) =ADDAT (2 ) )™ (AJDAT &) -2HAGE(4})
37 % [=1,8
b ¢ Z[NAL{1)=CHAGE( 1)

L 4

-

RETICN
EA M

lo/718/71
~n2. - EfN SOURCE STATEMENT - IFN(S) -

SUB2NUTINE PLUS

SIMMIN FINAL(B) ,800AT(8),PART, POXINIT21 WAL IN 720, nTR{2)

SOMMON PINZ(72) 3 HALZIT2),POX(64) yNALIA)4DE_ T, RKATEL.RATE2
: ZIMMON Z,2A4P,FA

L , ITMINSION CHAGE(S)

CHASE(LIsFINAL{ Y )¢ADDAT(])

i 1" 4 (22,6
! AOZHASECTI=(FINALLTI &FINALCY )+ADDAY( 1} *ADDAT {1 1) /72HAGE(])
} 3] 8 1=5,7
SHAGE(T )= FINALU{T)+ADIATLI}
T8 g=2,.4%
I1F (Je3 - EQ- 1Y GD) T2 5
; SHASE( T 1asHAGE( TV = INAL (L) ®( {CHAGE (JI~FINAL( J) Vo *2 ) +ADDAT(]1 )%
i YOCAIDATLYI-CHASE( YD) Yok 2 )
& JONTINUE
SHAGE(3)=FINAL{B-A0DAT (B8)—-F INAL({L )*(CHAGE(2 )-FINALL{ZII®({FINAL( &)~
SHASE(G )Y -ADDAT (L) & [CHAGE( 2)-ADDAT (2 )V 1% {AJDATI4) ~JHAGE(S))
PR} ‘.].'q
A SINAL{1)=CHAGS(T)

RETJRN

ZND
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AR3. - EFN SOURCE STATEMENT =~ [RN(S)

SU3AJUTINE CONVIA,E)
JIMINSTION E(8),4(8),8(8),C(81,0(8)

10/18/T1

399 TJANAT (IXs A4, 6X,L4=91XoF 952y 3XsSHP QUND S, 9X oF Fohy3XsSHSLUGS, 10X,

12 9,6,3K, 94KTILAGRAMS// s 3L1 X3 A% 14X YH =, 1X 4F Fe® s 2Xy BHINCHES s 9X,
22 3.6, bAFEET,, V1 X ,F Fc o IXoEHMETERS/ /1 o4 {1 Xy Al o bX 4 1HZ 41X F 3,2,
A3% 91 YHLA-FEET SQ,5%sF Io2vINWI2ZHSLUG-FEET SUs3XsF 902+3X,
EYVHCS-METER SQ/7 /71, 60(24 %) 21X 59(2H *=)// /)

3= A{L)e 1.

SOV = AV /732,175

J(1)= A(U) > 2 4%3%

N1 1=2,%

3(I)Y= At1re 1

S{r= At1)212,
VI = Altie 208

23 2 1=5,9%9

3= Al1) /N6,

U= at11/7(32.176516%,)
2 3thi= A+ - ANY2 9249

ARITE (45,9990 (S(1),B(13osCLINsD(1),1=1,8)

AETURN

END

8% - EFN SOURCE STATEMENT =~ [FN(S)

SJYRIOUTINE TNP (3,L)
JIMINSION ACA),LILD),3164),KL6)
939 =DAIMAT (1A4). 419+ 34AWEISHT , Co Ge ¢ AND INERTIA DATA FJR
JIHZ o214V 47 0211, 20X H$HPAGE, 16/ /)
I 1 I=21,%
a(1)=8(11
Llry=L(1)
v SONTINYE
{PASES=L
AUITE (459999) A (KI{I)vi=1,6),1PAGE
AETIRN o
ENTY TYOPACLINE)
IPAGEs[PAGES?
ARITE (5,999) A,tK(1),1=1,A),IPAGE
LiNZ =]
AETIRN
IN)

TP

S+

-

1 &AL, 3X,211,

10/18/7)

25

12

21

51
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10718/
1S, - EFN SOURCE STATEMENT - [FNIS) =~ .

SUBROUTINE PERNX

INTZSER PART(14) _ ‘
SOMMIN FINAL(9) yADDATIS)sPART,POXI NG T2V, WALINI 7219 WTR(2)
SOMMON PIOXZ{T72) gWALZ(T2),POX L&) WALL&),IELT, RATEL.RATER2
SOMMCN Z2,ZAD,FA

JIMINSIIN COMPLG)

IF(2ART{7)I.NEy, ") 301D 1

WATEI=7.1

30 7TJ 89

IF(2ART(TISNEs V) GO0 7D 2

Q4T3 3=n,12]

30 YO &9

IF(24RT{7)nNE, 2} GO0 TJ 3

3aTE3=N 38
50 T2 §N

IF(PART(TIaNE, 3} GO TD &
QT3 =N 4S5

50 TDO &1

IF(24RT(7)IoNE. &) 30 T] S
IBTEI=N.ST,

533 T3 SO

{F{2ART(TISNE. S) GO YO 50
WT32n,M3
JMASS=RATE3«DELT

1334 T(1)=2NMASS
1)33T(21=194.9
1)0AT{(3)u=-3.1
ADDAT(G6)=22,8

JaLL MINUS

RETJRN

N)

26
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: 10/18/71
S (L ~ EFY  SOURCE STATEMENT = [#N(S) -

SURROUTINE LNX
i INTIGRR PART (1Y)
P SOMMIN FINALIS) g ADIATIS),PART,POXINI 72y WAL LN 72) e TR(2)
: SOMMON POXZ(T2) ,WALZLT72),P0X{A) WAL &)4DELTy RATEL,RATER
SOMMON 2,2AP,FA
JTMINSI N COMO{ &)
2580 ZOMAT (LFLALY)
2%1 SR4AT (LK, AALOIX REMAINING= ,1F10¢ 2)
AKX = WTR(T)
LF{2ART(7) NE. Y) GC TO 1)
RATE3 =RATEL
50 T3 59
1 TF{24RT(7?) - NE. 2) GO TO 2
eTI2=2. VERATEY
30 13 90
2 IF(28RT{?) .NE. 3) GO 7O 3
2ATEI=3."%4TFY
3 TO SY
3 IF{PART(7) - NF. &) GU TO 50
AT 3=%, NERATEL
ADAT (L1 =POX(Y)
AINNT(21=PIX(Y
. A20AT(3)=POX ()
ADIATLLY=PIXIR)
JaL. MINUS 18
IMAS S =RATEALDELT

. ATRIVI2POXX-OMASS
AITZ(4,2737) WTR(L) 20
SAL. TABINTOWTR(Y) ,AUDAT{20,FA,8¢7,POXIN(L)» D) el +

rew

4
2
3

A2ITE LA ,2SYM)ADDAT(2) 2¢
SALL TASINT(WTR(Y),ADIAT(C ), FA,8,7,PCXZ(Y),1) 3
NAITE (8,271 40DAT(4) %
AXDAT (V) =uTR(V)

2OX{V)I=ADIAT(Y)

23Xt 21=sADDAT (2) !
2OY(2)=ANDAT(3)

20X (&) =ANDAT (&)

H ZAaLL PLYS 25
* i RETURN

i N
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i 10/18/71
697 - EFN SOURCE STATEMENT - [IFN(S) -~

; 3 J32JUTINE WALPR

; INT2GFR PART(1YY
-
My

MMON FINAL(8):ADDAT(8}, PART)POXING 72) s WAL IM 720, WTR( 2)
MMON POXZ(T2) 4 WALZ(T2Z),POX (%) ,WAL(&),DELT, RATEL RATEZ
SOMMON Z1,2A4P,F)
JIMINSION CIMP{4)
251 TIAMAT(L N, VSHAALL REMAINING=,1F12,2)
T=A2DAT(1)
WAL =WTR(2)
2ATER=N,N2
IMASS=RATEYST
AT 21 =4ALL-DMASS
ARITE (8,250 1WTRI21 2
1334 T 1) =0MASS
AIAT(2)=1 67,82
AMAT(3i=Y9,3
8INAT(&)=38. 5"
dAL( Y ) ayTP(2)
AdAL{2)=2ADNATL2)
A8L{3)=aDDAT(2)
dAL(%)1=ANDAT ()
24T {9y
RETJRN o
) 1

-
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; ] 10/18/T1
sng - €EN  SOURCE STATEMENY =~ [tN(S) =

SJU3ANUTINE FAL
: INTISZERQ PART (1™
s SUMAIN FINALC(S) ZADDAT(B 1o PARTPOXINCT2) o WALLI M TedywTh(2)
' SOMMIN POXZ2(72) , WL 2(72),POX(%) yWAL(R),DE.T, RATELRATE2
SOMMIAN 2,2AP
JTUINSTION COMP (&)
2RM ZOIMAT (VF1N.L2)
21 EDAMAT(INX,,1RAWALL REVMAINING=y1FI12)
AOLL=WTR(?) .
IF(PART{7)-NEA1Y GO TI )
AT 2=0ATE?
30 TO 99
T 1F(PART(TYI>NZA2) (I T 2
AATSA=2,"*RATE?
30 1T7 139
2 TE(2ART(T)- ¥F-3) GJ T2 3
AATZz3=3.3%RATE?

33 To 9
i A IATE2z6 A%RATE?
i 99 AYIATLY)=WaL ()
: ADIAT(2)=4AL(2)
; ADIAT{ I =WAL(3)
. 18T (A1=HAL(A)
: SALL MTNUS 1s .

IMASS=RATEA®DELT
AT(2) =VALL~DMASS

. ARITC (8,28 ) WTR(?2) 16
SALL TASINTIWTRE2),ADIAT(Z 1 sFA,8,7 yWALIN(L), D) 19
ARITE 15,257 ADDAT(2) 20
SBL. TABINT(WTRI2) fADIATCG by FAyBy7 ywALZIY ), 1) 21 1
A2ITE LG 28I VADIAT G ) 22

ADIATLLI=WTR(2)
AAL(Y ) =ADDAT ()
AALL2)=ANDAT(2)
A3JAT(3¥=19.5”

AAL (3 )=ADDAT(2)
NALCE ) =A0DDAT (&)

e s oA AP S AP L g P € R T ST AT T et

AL oLYsS 23
IETYRN ;
IND ‘
: {
]
! |
1
! |
!
1]
é p
L) i
{ 1
: 56

e L
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419 - EFN  SOUKCE STATEMENT

SU3RDUTING ALY
INTZ53FR PART(1Y)

~ IFNI(S) -

» IMMON FIVAL(H).AD)AT(BloPARTuPUXIN(7ZIkaLIh(7Zl.wTR|2l
SAMMIN POXZ(T2) ,WaLlZiT72),POX(S) ,WAL(&) DELT, JATEL RATEZ2

SOMMIN 2,24P,FA
JIMINSION COMP{4G)
SOMAT (VRN 2
SORMATLINK Y EHAALLC REVAINING=,1F¥2An2)
T=a)DAT(Y)
AALL=WTR(2)
SA=0DDAT(2)
SIDAT L I=WAL ()
AXDAT{21=WaL (2)
AIDAT{ 3V =WAL ()
AT A =AAL (L)
SALL MINUS
1ATEI=4)
IVASS=RATF2+T
WTA(2) s 4AL| -DMASS
ATTE(6, 2511 WTR(2)

SALL TASINT(WTR(2) ,ADDAT(2}4FA, 8,7 WALIN(L), I}
SALL TABINTUWTR(2) s ADIAT(4 ) 4FA, 847 WALZI) )1 )

ARITE (A ,25N)ADNAT(2)
A2TTFR (5925”2 YAMMATI L)
AJJAT{VI=WTR(?)
AAL(Y Y =ADDAT(]))
AALL2)Y=ANDATL2)
A324T(3)=19. 5
AAL{3Y=ANDATL(?)
AAL{5)=ANDAT (&)

IART {9V ="

ICTIRN

IND

10718778
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10718774
700 ~ EFN SOURCE STATEMENT =~  [Fn(ST -

SHRIITING LT
TMTESER PART() Y)Y
DTN FINAL BT ZADDAT(8 ) PARTHFUXINI T2V oG LIN 723, nTh(2)
SIMMON POYZ (T2 ,d8L 2172 04POX (7 ) yWALL L ) 3DF LTy ATl oekaTER
SIMMIN 2L TADFA
DIMINSION Canp(s)
$SY ZURMAT (YF1N )
SFY T IRMATIINY,,VEHLOY REMAINING=,1FIF, 2)
F=AJ0AT(1)
2AXY =WTR(L)
SA=ADDAT(2)
AIIAT(V1=sPX (1Y
AIIAT(2)=P]Y(?)
AIAT (I =0NK (2
1IIAT () =PNY(>)
SaLL MINUS z
[ IATEI=TY A

o

IMAS S =RATE3*T
AT 1) =P XY -DMASS
’ APTTE {5,251 WTR(1)
UL, TABINTUIWTR(V) L ACDATIZ )y FA By T e ALINIL), i)
ALTE (5,250 0D0ATL2 )}
SALL TADINTAWTR (V) G AIDATIGC ) yFALBeT ¢WALZ{Y) o1 )
AFIT 2 (0,28~ TADIAT(G ) .
ADIAT (Y )=ATR(V) I
(1) =ADDAT{Y)
3Nx(2)1=annaT(?)
VAT (3 ==Y 3 &
2IX{2)=4DNAT(3)

QT ~T v

3L L) =ADDAT (4} 1
rrar(g)="

T aN

ER0)

81
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16/18/71

R - EFN SOURCE STATEMENT -~  IFn(S) -

S JRROJTENS LOXPP
‘ TMTIZERQ PART(1Y)
. : CSDMMON FINAL(R) JADDIATIB e PARTYPOXIN{ T2V, WALIN T e aTRI2)
SOMYDL PIXT(T2) 4 WAL Z2ET2 )4 PUX(6 ) yWALLS 5 DFLT, KATEL,RATE2
X SUMMTN 2,7AP,FA
DJIMINSTIN CoMP( %)
2TV OSIWAT(ILA, Y AHLOX IEMAINING= 2 F 17, 2)
) I0XX =WTR(L)
T=A)DJAT (1)
IMASS =D A
! Sy3en . n
j 1F0ZAD LT, Z2¢-%391) Gu TO 871
wYiv=Te2
| TF(AVEV-LT-7AP) %0 TO 872
3J3=-213v(24aPr=-21)
T=T-({7AP=-27)
2=7AP
50 7)) 3
B™2 SUA=-2%3¢T
7=7¢7
r:-\. ”
7Y DIMASS=z), AL&T
IMASS =D4ASS +SUS !
DA T{1)=IMASS ¢
AT ) =POXX-NMASS 1
APITE(5,277) WTRI(D) 11
ANAT(21=248-5%
AJAT(V)=-%9. 8
AJIAT(H)=38 50 1

IR R CAR N

0% 21=4DNAT(2)

32x{ 1) =ADDAT (Y)Y

30M( L) =ANCAT(4)
: 2ART{ R} =

i . FETYRN

W
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1C/718/7171
. 704- - ERN SOURCE STATEMENT - LFNIS) -

| 3 JBIIUTINE LOXDEL
INTZSER PART(IN)
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APPENDIX VIi

COMPARISON OF PRERICTED
AND ACTUAL X-24A WEIGHTS

Starting from the baseline values, the weights and c¢g's were con-
stantly updated. This tabular listing shows how the predicted updated
weight compared with the actual weight measured at the AFFTC Weight and
Balance Facility.

New Predicted

Actual Weight Predicted Wt Wt (Empty Acft Weight
(Weighing Config) (Weighing Config) Configuration) Error
1. 6380 (Baseline) 5927

This is the baseline weighing used for the moment of inertia measurement.

2. 5956 £966 53917 +10 1b
(4 Mar 69)

This weight was used for flights X~1 through X-3-5.
3. 6000 5972.2 6000 -27.5 1b

This weighing was before flight X-3-5 but was not incorporated until flight
X~-4-7. This weight was used for flights X-4-7 through X-8-12.

4, 6023.0 5998.5 6018.0 -24.5
(3 Feb 70)

This was used for flights X-9-14 through X-17-22.

5. 5652.7 5670.1 5901.35 +17.4
(14 Oct 70)

This aircraft was weighed without hydraulic batteries on board. This
empty weight was used for flight X-18-23.

6. 5893 5901 5893 +8.0
(27 Oct 70G)

This weignt was used for flights X-19-24 through X-26-32, except tor the
glide flight, X-22-27,

7. 5820 5814.,5 5820 -5.5
(25 May 71)

This weight was used for flights X-27-33 through X-28-34.
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‘ APPENDIX VIl
TRAPEZOIDAL APPROXIMATION OF

) PROPELLANT AS A FUNCTIONAL OF
Table L
cg LOCAT 1085 OF PROPELLANTS
L1quid Oxygen Oxidizer Tank (Erpty Tank cg Pusition: Kei4.7 in.. ¥e+19.5 in., Z:+36.5 10.)
_ £g Poaition
T} <15 T30 o= T Y60
___ Weight | —F A = —~ | — - = = s - = =
Fraction 1" X 2 X B X 2z X z X z X 4 X Z X
i 2,760 | 147.5 36.5G ) 147.90  35.50 J147.50 36.50 ] 1417.5D 147.50  16.53 | 147.50  6.50 ] 147.50 36.55 | 147.50
8 2,415 | 147.5 35.11 | 15164 35.89 [ 142,36 35.94 | 152.72 142.28 35.58 | 153.70 36.14 |14:.30 36.16 | 154.70
/4 2,070 | 247.5 34.50 | 154.5%6 %.62 | 140.44  35.62] 157.10 137.90 J5.1B | 158.10 35.94 {136.30 35.94 | 1¢2.1¢0
5/8 1,729 114729 33.38 ] 157,47 35.11 | 1372.53  3%.11 160.70 134.30 34.42 ]162.45 35.46 | 132.55 3°.46 | 162,79
172 1,380 [147.5 32.13 ] 160.47 34.49 J134.53 34.49| 165,12 129.88 33.54 | 166.97 35.02 |128.03 35.02 | 167.862
3/8 1,035 | 147.5 31.12]164.10 24.17 j130.90 3.7} 171.30 123.70 33.00 J173.30 34.70 |121.70 34.70|173.89
i/4 690 |147.5 29.62 [ 167.¢5 33.93 | 127,35 3s.93] 176.20 118.50 32,65 | 177.70 34.40[117.20 34.40|178.70
/8 345 | 142.5 28.64 | 169.30 33.70 |42v5.70 33.70 | 180.40 32.30 | 124.40 32.30 | 180.29 34.10 | 114.80 34.10|183.10
watce-Alcohol Fuel Tanx (Espty Tank og Position: X-149.5, Ve+14.5, Z236.50)
&3 Poaditaion . J— —
o0 =15 E =+ 30 CPCERi] o arED 560 430 — =-83
R - S — e — —_B P P D — . D
X z _ _ X X z X 2 x z X z
149.50 36.56 43.50 36.50 | 149.90 149.50  35.50 36,50 ] 149.50 36,50 [ 149.50 36.50
142.00 35.62 | 142,18 36.59 | 145.50 142.70 35.01 35.62 ] 148.42 35,72 | 143.64 25.56
14).71 35.0% 142.00 146,25  34.96 33.48 | 142.08 35.66 | 139.48 35.45
hd 119,99 35.1) 137.50 140.97 35.66 35.64 | 140.77 36.02]1135.54 35.S%
13..28 36.50 131.88 131.88 136.50 36.59 | 131.88 36,50 |131.88 13&.S0C
131.68 34.50 130.50 1)6.70 34.3%9 33,05 F138.60 234.30 1127.50 )4.75
131.88 J2.14113%.30 J6.%0 | 127.50 142,13 3).45 32.65) 144,00 33,35 [123.30 4.4
131.88 23.65 | 146,30 36.50 | 124.50 147,53 32.20 |1le.80 32.)0 | 146.53 31.40 |118.70 34.10 | 147.595 15.%9]116.30 36.5D
AYDROGLN PEROXIDL TANK
_Erpry Taak cq Positicn
(X=194.0, Ya-)}.8, Z2e23.50}
cg tocation
55 0
Weight . .
fraction | 1b X z
1.0 200 194.0 23.5)
/8 175 | 194.0 | 21.7%
3/4 150 194.0 20.71
/8 125 | 194.0 | 19.9%s
172 100 194.0 108.99
e 75 134.0 18.11
1/4 50 19¢.0 17.21
1/8 25 1924.0 16.20
v
b ]
—— ? —rverey
- : v
i o aidnn o 1
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